Objectives We report here on the pre-clinical MRI characterization of an apoE−/− mouse model of stable and vulnerable carotid artery atherosclerotic plaques, which were induced by a tapered restriction (cast) around the artery. Specific focus was on the quantification of the wall shear stress, which is considered a key player in the development of the plaque phenotype. Materials and methods In vivo MRI was performed at 9.4 T. The protocol consisted of time-of-flight angiography, highresolution T1-and T2-weighted black-blood imaging and phase-contrast flow velocity imaging as function of time in the cardiac cycle. Wall shear stress was determined by fitting the flow profile to a quadratic polynomial. Results Time-of-flight angiography confirmed preservation of blood flow through the carotid arteries in all cases. T1-and T2-weighted MRI resulted in high-resolution images in which the position of the cast, luminal narrowing introduced by cast and plaque, as well as the arterial wall could be well identified. Laminar flow with low wall shear stress (11.2 ± 5.2 Pa) was measured upstream to the cast at the position of the vulnerable plaque. Downstream to the cast at the position of the stable plaque, the apparent velocities were low, which Conclusions Flow velocities and wall shear stress were successfully measured in this mouse model of stable and unstable plaque. The presented tools can be used to provide valuable insights in the pathogenesis of atherosclerosis.
Introduction
The pathogenesis of atherosclerosis is a complex process, with genetic predisposition, diet and lifestyle as contributing factors. Atherosclerosis displays a focal pattern, occurring predominantly at curvatures and branches of the vascular tree, which provides support to the hypothesis that local blood flow patterns play a role in the development of atherosclerosis. The local hemodynamic conditions, such as the flow velocity, wall shear stress and arterial wall compliance, are known to influence the endothelial biological function. High shear stresses with a well-defined constant direction are found to be atheroprotective, as the endothelial cells are able to remodel in a controlled way to maintain the vascular homeostasis. On the other hand, low and oscillatory shear stresses in regions of complex geometry, e.g., near bifurcations of arteries, are pro-atherogenic and cause molecular signaling of pro-inflammatory pathways [1] . Several studies showed a clear relationship between the presence of atherosclerotic plaque in humans and animals at sites of altered wall shear stress [2] [3] [4] .
The method involves the placement of an innovative tapered restriction (cast) surgically placed around the right common carotid artery of an apoE−/− mouse on a lipid-rich diet. Upstream to the cast (toward the heart), a region of lowered wall shear stress induced a lesion with characteristics of a vulnerable plaque, i.e., high macrophage, high lipid and low collagen content, while downstream to the cast, oscillatory wall shear stress resulted in a lesion with characteristics of a stabilized plaque, i.e., lower lipid and higher collagen content. This model provides evidence that the local hemodynamics not only lies at the basis of the development of plaque but also is implicated in plaque phenotype.
Pre-clinical MRI plays a significant role in the study of experimental atherosclerosis. Currently, MRI is capable of detecting luminal narrowing, plaque size and morphology with high accuracy and reproducibility, providing reliable indices of plaque burden. With the progress in the design of targeted MRI contrast agents (molecular imaging) aimed at discriminating vulnerable from stable plaque phenotypes [6] , there is great need for animal models of controlled plaque phenotype. The mouse model recently introduced by Cheng et al. is particularly suitable for that purpose.
The aim of this study was to characterize the above apoE−/− mouse model using pre-clinical high-field MRI. High-resolution black-blood T1-and T2-weighted imaging were used to depict the exact position of the cast and the size of the carotid artery lumen. Three-dimensional timeof-flight angiography was used to image the vascular tree and to confirm preservation of blood flow through the cast placed around the right carotid artery. Finally, high-resolution phase-contrast velocity imaging was used to measure maximum flow velocities and wall shear stress in the left and right carotid arteries.
Materials and methods

Mouse model
The local institutional animal care and use committee approved all experimental procedures. Experiments were performed on six female apoE−/− mice (Charles River, Maastricht, the Netherlands), which were put on a Westerntype diet (0.21% cholesterol) when they reached an age of 12 weeks. Three weeks after start of the diet, a tapered cast (Promolding BV., The Hague, the Netherlands) was surgically placed around the right carotid artery to induce plaque formation on both sides of the cast [5] . The inner diameter of the cast ranges from 500 µm upstream to 250 µm downstream, and the cast was placed around the right carotid artery well separated (at least 1 mm) from the bifurcation. Six weeks after surgery, MRI measurements were performed.
Histology
Both the upstream and downstream plaques were sectioned into 8-µm serial sections perpendicular to the vessel direction. Sections were stained with Hematoxylin & Eosin, Oil Red O for lipids and Picrosirius Red for collagen (analyzed with a circular polarizing filter) at 80-µm intervals. Bright-field microscopy was performed with a Zeiss Axio Observer Z1 microscope (Carl Zeiss, Inc.).
MRI
In vivo MRI was performed with a 9.4 T horizontal-bore animal scanner (Bruker BioSpin, Ettlingen, Germany) running Paravision 5 software. The mice were initially anesthetized with 3% isoflurane in medical air and maintained with 1-2% isoflurane during the MRI experiments. The mice were placed in a custom-made cradle, which contained a heating pad with a temperature of approximately 37 • C to sustain the mouse body temperature and placed in the MRI scanner within a 3.5-cm-diameter quadrature birdcage RF coil. Respiration and heart rate were monitored with a balloon sensor and ECG trigger leads, connected to an ECG/respiratory unit (Rapid Biomedical, Rimpar, Germany). The MRI protocols (N = 6 mice) consisted of time-of-flight MR angiography, T1-and T2-weighted imaging and phase-contrast velocity imaging. The total examination time including preparations and planning was approximately 2 h.
Time-of-flight MR angiography was done with a threedimensional gradient-echo sequence. Sequence parameters were TR = 15 ms, TE = 2.5 ms, flip angle = 20 • , FOV = 2.56 × 2.56 × 2.56 cm 3 , acquisition matrix = 256 × 256 × 256, NA = 2, total scan time = 18 min. T1-and T2-weighted imaging in sagittal and transversal orientations was performed using a black-blood multi-slice spin-echo sequence. Black blood was achieved by placing two saturation slabs below and above the neck region saturating inflowing blood. Sequence parameters for T1-weighted imaging were TR = 800 ms, TE = 7.5 ms, FOV = 2.56 × 2.56 cm 2 , acquisition matrix = 256 × 256, reconstruction matrix = 512 × 512, slice thickness = 0.5 mm, NA = 2, total scan time = 8 min. Sequence parameters for T2-weighted imaging were TR= 2000 ms, TE = 20 ms, FOV = 2.56 × 2.56 cm 2 , acquisition matrix = 256 × 256, reconstruction matrix = 512 × 512, slice thickness = 0.5 mm, NA = 2, total scan time = 20 min. T1-and T2-weighted scans were triggered to heart and respiratory signals to suppress motion artifacts. Phase-contrast velocity imaging was performed using an ECG-triggered gradient-echo sequence with bipolar gradient pulses encoding for flow perpendicular to the imaging slice. To enhance the signal-to-noise, a Gd-based blood pool agent (paramagnetic micelles, dose of 50 µmol Gd per kg body weight) was intravenously injected prior to phase-contrast velocity imaging [7] . We would like to stress that the purpose of this blood pool agent was solely to lower the T1 of the blood to enhance the signal-to-noise and was not intended to provide enhanced plaque contrast. Sequence parameters were as follows: TR = 12 ms, TE = 5 ms, flip angle = 30 • , FOV = 2.56 × 2.56 cm 2 , acquisition matrix = 384 × 384, reconstruction matrix = 512 × 512 (pixel size = 50 × 50 µm 2 ), slice thickness = 0.5 mm, NA = 6, V enc =100 cm/s, number of frames = 9. Flow encoding was repeated twice with encoding gradients in opposite direction to compensate for background phase caused by field inhomogeneities. The sequence was triggered by the QRS-complex and repeated three times with starting delays of 1, 5 and 9 ms, respectively, resulting in 27 time frames through the cardiac cycle with a time resolution of 4 ms. Total scan time for a single-slice phase-contrast velocity image was approximately 18 min. Two slices were measured, one downstream and the other upstream to the cast (see Fig. 3a ).
Image analysis
Maximum intensity projections (MIP) of the time-of-flight angiography images were made using OsiriX 3.5.1 (www. osirix-viewer.com) software. Flow velocity images were processed in Mathematica 7 (Wolfram Research, Inc.). First four regions of interest (ROI) were manually drawn to select the lumen of the left and right carotid arteries in the downstream and upstream anatomical images. Reported flow velocities in the arteries are the mean velocity of the 10% pixels with the highest velocity within the ROIs at every time point through the cardiac cycle. Flow velocities of six mice were averaged. Subsequently, the flow velocity profiles of the 3 time points in the cardiac cycle with the highest flow were fitted with a quadratic polynomial. The wall shear stress (WSS) was determined from WSS = µ dv dr , with v the blood velocity at the carotid artery wall and mouse blood viscosity µ = 10 mPa s [8] . WSS from the 3 time points and six mice was averaged.
Statistical analysis
Differences in the flow velocities as function of time in the cardiac cycle between left and right carotid arteries were tested using a two-way analysis of variance (factors: left or right carotid artery and time; significance level P < 0.05) with Bonferroni post hoc test. Differences in lumen diameter and wall shear stress were tested using a Student's t-test (significance level P < 0.05). Statistical analyses were performed in Mathematica 7 (Wolfram Research, Inc.).
Results
MR angiography
Figure 1 displays a MIP of a time-of-flight angiography measurement of the neck area of a representative mouse. A movie of this MIP rotating about the H-F axis can be found in the supplementary content. The arrow indicates the position of the cast in the right carotid artery. The arteries in this MR angiography image are bright because magnetically unsaturated blood from the heart enters via the aorta into the carotid arteries and the imaging volume. The presence of high blood signal intensity downstream to the cast extending beyond the carotid bifurcation and further, therefore, confirms that the vessel is still patent. Upon closer inspection, the tapered shape of the cast can be appreciated in the image, which confirms correct placement of the cast around the right carotid artery. The three-dimensional angiography images were also useful to locate slices perpendicular to the carotid arteries for anatomical and flow velocity measurements.
Histology
To confirm the plaque characteristics, upstream and downstream plaques were evaluated by histology, as presented in Fig. 2 . In agreement with the observations by Cheng et al. [5] , the upstream plaques (Fig. 2a) showed characteristics of a vulnerable phenotype, with high lipid and low collagen content, while the downstream plaques (Fig. 2b) had characteristics of a more stable phenotype, with lower lipid and higher collagen content. Figure 3a displays a sagittal T1-weighted MR image of the right carotid artery. Signal of inflowing blood was magnetically saturated and therefore the lumen of the carotid artery appears black. The position of the cast is indicated with the arrow. Inside the cast, the arterial wall is weakly visible. The cast itself is MRI silent and therefore appears black on these images, which facilitated accurate placement of transversal (perpendicular to the arteries) imaging slices. In Fig. 3b -e, transversal T1-and T2-weighted images are shown of slices placed directly upstream and downstream to the cast as indicated by the dashed lines in Fig. 3a . In many instances, the intensity of the right carotid artery wall, particularly in the T2-weighted images, was higher than surrounding muscle, which can be attributed to the presence of the atherosclerotic lesions. In the contralateral left carotid, artery signal of the vessel wall was essentially isointense with surrounding muscle. Nevertheless, contrast and resolution, particularly in slice direction (0.5 mm), were not sufficient to quantify plaque burden in these tiny arteries. Ex vivo histological analysis of carotid artery sections confirmed the presence of plaque in the upstream and downstream locations, with plaque characteristics as described by Cheng et al. [5] . The average (N = 6 mice) diameters of the carotid artery lumen at the four positions, i.e., right carotid upstream, right carotid downstream, left carotid upstream and left carotid downstream, were 0.57 ± 0.12, 0.41 ± 0.17, 0.54 ± 0.11 and 0.49 ± 0.08 mm, respectively. While there were variations between mice, the average right carotid artery lumen at downstream position proved significantly different from the upstream position (significance level P < 0.05).
T1-and T2-weighted MRI
Phase-contrast velocity imaging
Flow measurements were analyzed in the left and right carotid arteries. Figure 4a and c show examples of T1-weighted images at upstream and downstream locations to the cast, with color-coded maximum flow velocities in the left and right carotid arteries. The panels in Fig. 4b and d show the flow profiles along the red lines numbered 1-4 in the corresponding Fig. 4a and c . Movies of the flow in the carotid arteries through the full cardiac cycle can be found in the supplementary content. The flow profiles display a quadratic shape, indicative for laminar flow, except for the right carotid artery at downstream position, where the apparent flow is low and irregular.
In (Fig. 5a ) seemed somewhat higher in the left carotid artery, although the difference was not statistically significant. At the downstream position of the left carotid artery, flow displayed a similar profile as in the right carotid artery except for higher maximum flow velocity. At the downstream position of the right carotid artery, the apparent flow was consistently low. The apparent flow during the systolic phase (approximately first 50 ms) was even somewhat lower than during the diastolic phase (starting at about 50 ms).
WSS at maximum flow velocity is plotted in Fig. 6 . The average (N = 6 mice) WSS at the three locations, i.e., right carotid upstream, left carotid upstream and left carotid downstream, was 11.2±5.2, 17.5±7.5 and 24.5±10.9 Pa, respectively. WSS in the three locations was significantly different (significance level P < 0.05). WSS in the right carotid artery downstream position could not be determined as the flow profile displayed an irregular non-laminar flow profile.
Discussion
Various imaging modalities have been used to study plaque formation and characteristics in the apoE−/− mouse model [9] [10] [11] . MRI has been used to study plaque burden in the abdominal aorta of mice [12] [13] [14] [15] , and recently, several studies have focused on pre-clinical evaluation of novel targeted contrast agents to identify molecular fingerprints of plaque vulnerability [7, [16] [17] [18] [19] [20] . The apoE−/− mouse with tapered cast represents an extremely attractive model of atherosclerosis as it allows for studying plaques with both stable and vulnerable characteristics within one animal and within a single vascular segment. This study specifically focused on anatomical MRI characterization of the model and on quantification of flow velocities and wall shear stress. The latter is considered one of the key players in the development of plaque phenotype [2] [3] [4] .
MR angiography provided detailed images of the mouse neck vasculature, which were used to verify that the right carotid artery was still patent and to confirm correct placement of the cast. Additionally, they proved useful for planning imaging slices exactly perpendicular to the carotid arteries. Similar MR angiography has previously been used to provide details on the mouse vasculature [21] [22] [23] . Recently, a time-resolved three-dimensional angiography sequence was used to measure blood flow in the mouse carotid arteries [24] . This technique, however, only measures the averaged flow velocity within the carotid arteries and is therefore not suitable to provide details on the shape of the flow profile or the wall shear stress.
Our flow velocity measurements indicated that the maximum flow velocity in the right carotid artery was somewhat lower than the contralateral left carotid artery, which roughly scaled to the difference in wall shear stress. We found a maximum flow velocity in the carotid arteries of about 35 cm/s, which is in good agreement with the MRI study by Parzy et al. [25] , who reported a vessel-averaged flow velocity of about 18 cm/s in the systolic heart phase. Maximum blood flow velocities up to 120 cm/s were reported at sites of mouse carotid artery plaque by means of pulse-wave Doppler [10] . However, these high values when compared to our studies could well be due to a larger degree of stenosis in their mouse model. The apparent flow velocities in the right carotid artery downstream to the cast were consistently low with irregular flow profiles. Since total flow rate in the right carotid artery is preserved, the apparent flow velocities at this position do not represent total flow rates and are most probably caused by irregular non-laminar flow in this region. The wall shear stresses in the upstream region were 11.2±5.2 and 17.5 ± 7.5 Pa for the right and left carotid arteries, respectively, which compares very well to 10 and 15 Pa determined by Doppler ultrasound measurements in the same model [5] .
A limitation to the study is that it was not possible to confirm the oscillatory nature of the blood flow and the wall shear stress in the downstream location at the position of the stable plaque. The reason for this is twofold. First, the resolution in slice direction was 0.5 mm, which is likely not sufficient to reveal vortices or irregular flow of smaller dimensions directly after the cast. Second, we used a phasecontrast velocity imaging sequence in this study, which measures flow in slice direction only. High-resolution Doppler ultrasound could provide an alternative imaging modality to confirm oscillatory flow [10] . Nevertheless, because the total flow rate in the right carotid artery has to be preserved, the absence of a laminar flow profile in the downstream right carotid artery position actually is a strong indication that the flow is highly irregular there, providing indirect proof for the oscillatory nature of the flow.
In the future, the pre-clinical MRI protocols presented here can be used to evaluate novel treatment strategies and new molecular imaging contrast agents for specific imaging of plaque constituents. Additionally, one could consider developing a three-dimensional flow velocity imaging protocol for the mouse carotid arteries, providing a higher resolution along the arteries and enabling quantification of flow velocity profiles and wall shear stress at several positions upstream, in and downstream to the cast. The protocols presented here are not exclusively suitable for imaging the carotid arteries. They can be straightforwardly translated to study the role of flow and wall shear stress in the aortic arch and the abdominal aorta [26] [27] [28] .
Conclusions
In conclusion, the apoE−/− mouse model of atherosclerosis with tapered cast around the carotid arteries was characterized using pre-clinical high-field MRI, with specific focus on the measurement of flow in view of its relevance to plaque development patterns. MR angiography showed that blood flow through the right carotid artery was preserved and revealed the tapered nature of the constriction. Laminar flow with low wall shear stress was measured at the position of the vulnerable plaque, upstream to the cast. Apparent flow velocities were low at the position of the stable plaque, downstream to the cast, which is consistent with the occurrence of vortices or an oscillatory nature of the flow.
